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1. 

Abstract 

This paper presents a model of the perceptual process through which an 

observer decides whether two stimuli a r e  the same or different,  with emphasis 

on the ro le  of perceptual memory in such tasks. 

m e n t s ,  one v isua l  and one auditory, a r e  presented which i l l u s t r a t e  the 

model's application and suggest i ts  validity.  

The r e su l t s  of two experi- 

Detection, Recognition and Perceptual Memory 

To distinguish a difference between two stimuli an observer must have 

a receptor or input process which w i l l  respond d i f fe ren t ly  t o  the  two stimuli. 

Furthermore, t o  canpare two stimuli presented a t  different  points i n  time, 

he must maintain a memory of the f irst  stimulus u n t i l  the  second one occurs. 

For example, suppose an observer were asked t o  judge the s imilar i ty  i n  

loudness of two s e r i a l l y  presented tones. 

discrimination would be a receptor process which reacted d i f fe ren t ly  t o  the 

two tone amplitudes. 

delay following cessation of the f irst  tone, the observer would have to 

maintain a memory of the i n i t i a l  tone's loudness u n t i l  he heard the second 

tone. Thus one might say tha t  discrimination of s e r i a l ly  observed stimuli  

i s  limited by a t  l e a s t  two factors: one, the resolving power of the receptor 

or  input process; and two, t he  efficiency of the memory process through 

which the observer re ta ins  information about one stimulus u n t i l  the com- 

parison stimulus occurs. 

A minimal requirement f o r  accurate 

Fltrthermore, i f  the second tone occurred with some 

Recent theoret ical  work on the psychophysics of detection has emphasized 

the  ro le  of the input process i n  determining sensory limits. 

of these models i s  the psychophysical Theory of Signal Detection (see Green 

The most prominent 



and Swets, 1966, fo r  a canprehensive developent of t h i s  theory). 

a two-process theory i n  t h a t  detection i s  represented as the product of two 

sub-processes, an input process and a decision or response process. 

input process specifies how the stimulus event evokes a hypothetical sensory 

s t a t e  in  the  observer; 

determines the observer's overt response. 

evoked on each t r i a l  i s  t reated as a value of a randan variable whose d i s -  

t r ibu t ion  depends on the stimulus value. 

dis t r ibut ions of sensory states, it i s  d i f f i c u l t  fo r  the observer t o  distinguish 

which stimulus has given r i s e  t o  a par t icular  sensory s ta te .  

a s t a t i s t i c a l  inference about the stimulus value based on h is  "sensory sample", 

t he  sensory s ta te .  

This i s  

The 

the decision process specif ies  haw t h i s  sensory s t a t e  

The par t icular  sensory s t a t e  

If two stimulus values evoke similar 

H i s  decision i s  

A two-process model l i ke  the Theory of Signal Detection does not specify 

how an observer, judging the s imilar i ty  of two temporally separated stimulus 

events, remembers the i n i t i a l  sensory s t a t e  u n t i l  the second (comparison) 

state occurs. 

memory. 

of the model presented in  t h i s  paper. 

We s h a l l  r e f e r  t o  a memory process of t h i s  so r t  as perceptual 

Specification of t h i s  process i n  discrimination i s  the .miqde fe=%!ire 

Note t h a t  the burden on perceptual memory i s  minimized i n  certain forms 

of discrimination; specifically, i n  cases where the s t i m u s t o  be discriminated 

occur in immediate temporal succession. If, fo r  example, in a loudness 

discrimination task, the on-set of the canparison amplitude occurs right a t  

the  off-set  of the i n i t i a l  amplitude, the  problem of perceptual memory would 

be minimal. 

employed t o  denote the discrimination of such temporally contiguous stimuli; 

whereas recognition should denote the discrimination of non-contiguous stimuli. 

h r t h e r  elaboration of t h i s  dis t inct ion can best  be made later in the paper 

a f t e r  the model has been'developed and applied t o  sane ac tua l  data. 

It i s  argued here tha t  the term detection i s  most usefully 



3 .  

The discrimination experiments we s h a l l  consider consist of a ser ies  

of trials. On each t r ia l  the observer i s  presented w i t h  two stimuli ,  one 

a f t e r  another, which may or may not  d i f f e r  along some par t icular  stimulus 

dimension. 

exists. 

t h i s  i s  the simplest case; 

interest ing but beyond the scope of t h i s  paper.) 

stimulus variable by S, i ts  i n i t i a l  value terminating a t  time zero by so, 

and the comparison value commencing a t  time t by st. 

of each stimulus value i s  not specified, simply the interstimulus in te rva l  

(t) between the  off-set of the f i rs t  value and the on-set of the comparison 

value. While stimulus duration i s  cer ta inly important, it i s  a constant i n  

the experiments presented here and w i l l  therefore be ignored i n  the present 

The observer's task i s  t o  report a stimulus difference when one 

(We r e s t r i c t  our discussion t o  single dimension comparisons because 

consideration of the multi-dimensional case i s  

We s h a l l  denote the relevant 

Note tha t  the duration 

developnent of the  model. 

Performance of the discrimination tasks we consider can be summarized 

by two proportions: 

alarms. 

observer correctly reported a stimulus difference, divided by the t o t a l  

number of trials on which s 

alarms equals the number of trials on which the  observer incorrectly reported 

a stimulus difference, divided by the t o t a l  number of trials on which so 

equalled st. 

corresponding conditional probabili t ies : respectively, the probabili ty of a 

h i t ,  Pr(H), and the probabili ty of a f a l se  alarm, &(FA). 

t he  proportion of h i t s  and the proportion of f a l s e  

The proportion -- of h i t s  equals the number of t r ials on which t h e  

and st  were different.  The proportion of f a l s e  
0 

These proportions are normally t reated as estimates of 

The purpose of the model i s  t o  account fo r  changes i n  the h i t  and false-  

alarm ra tes  produced by variations of the stimulus difference (st - so) 

and the interstimulus delay (t). 



n 
4. 

The Model 

The besic s t ructure  of the model is  shown schematically i n  Fig, 10 

Each time sane value of the  stimulus value S i n i t i a t e s  the input process, 

Input 

time o 

Memory 
process 

Mt 

Fig. 1. Schematic of model 

it evokes same value of the sensory variable X. 

variable a t  time o and a t  time t are  denoted, respectively, by so and st. 

S imi l a r ly ,  the  values of the sensory variable evoked by so and st a re  denoted 

by x and x 

i n  memory u n t i l  time t. 

s 

and xt. 

stimulus and response: input, memory, and decision. While these three 

processes can be defined i n  a rigorous, axianatic manner, a simple, verbal 

presentation should suf f ice  here. 

The values of the stimulus 

Since xt occurs l a t e r  in time than xo, the observer s tores  xo 
0 to 

H e  then makes a s imilar i ty  decision regarding so and 

on the basis of the discrepancy between mt, h i s  memory of x t 0 
a t  time t, 

Thus, three processes interact  t o  determine the  re la t ionship between 



, 

5. 

The Input Process 

Repeated inputs of the same stimulus value, s, do not necessarily evoke 

the same sensory value; 

be Gaussian with an expected value equal t o  the ac tua l  stimulus value. 

(Thus x can be expressed i n  the same uni t s  as s o )  

however, the  dis t r ibut ion of the evokelvalues w i l l  

The Memory Process 

One the sensory value x i s  stored i n  memory a t  time 0, it i s  "diffused" 
0 

or modified through a random w a l k  process u n t i l  it i s  read in to  the decision 

process a t  time t as the memory mt. 

occurs every l /p  seconds when the value i n  memory is increased by the amount tu 

with probabili ty p, or decreased by the same amount with probabili ty 1-p. 

(We s h a l l  assume the uni t  parameter t u  i s  chosen so tha t  m i s  i n  the same 

units as s.) 

One s tep  in  the  random walk process 

t 

The Decision Process 

The observer has sane response c r i te r ion  a t  time t, which we s h a l l  denote 

by Ct, and only reports a stimulus difference i f  the discrepancy between xt 

and m exceeds Ct. t 

Sane Properties of the  Model 

We s h a l l  now consider sane properties of the model which a re  important 

f o r  our experimental analysis. 

(m,) depends only on the i n i t i a l  value i n  memory (x,) and the cumulative effect  

of the random walk a t  time t. 

by dt, is  simply the sum of incremental steps minus the sum of a l l  the 

decremental steps; specifically, 

F i r s t ,  note t h a t  the memory of xo a t  time t 

This cumulative effect ,  which w i l l  be denoted 

dt = ku - (N-k) 'U 



. 

. 

where N denotes the t o t a l  number of steps occurring by time t, k denotes the 

number of incremental steps, andq i s  the step size. 

a t  time t can be writ ten as 

"he value of the memory 

x 0 + dt (2) "t = 

t' Since the decision process operates on the difference between xt and m 

it w i l l  be useful  t o  denote t h i s  discrepancy by yt where 

t yt = x - m  t ( 3 4  

or by Eq. 2, 

- x  - dt (3b 1 t 0 Y t  = x 

Suppose the  same stimulus values so and s were presented on every t' 
discrimination trial. 

could be t reated as values of 5 corresponding randan variables - variables 

which w e  s h a l l  denote, respectively, by Xo, Xt, Dts Mt and Yt. 

t he  definltiofi of t he  h p ~ t  process, the expected values of the sensory 

variables X and X are the actual stimulus values; specif ical ly ,  

The values xo, xt, dt, and yt on any par t icular  t r i a l  

According t o  

0 t 

0 '  
E(Xo) = s 

By defini t ion of the memory process, and Eq. 2, 

Considering the additivity of variance, 

Var (Mt) P V a r  (Xo) + Var (Dt) 



7. 
t 

Similar arguments imply tha t  

or, by substi tution according t o  Eq. 6, 

Again considering the addi t ivi ty  of variance, 

Var (Y,) = Var (Xo) + Var (X,) + Var (Dt) (10) 

The expected value and variance of Dt can be derived with standard methods 

f o r  analyzing randm w a l k s  (see Feller, 1957, on random walks and diffusion 

pr oc e s s es ) : 

and 

(12) 2 V a r  (Dt) = 4 p t ‘17 p (1 - p) . 
To simplify our subsequent arguments we s h a l l  consider the dis t r ibut ion 

This approximation is  accurate so of Dt (actually b inmia l )  t o  be Gaussian. 

long as p i s  close t o  1/2 and the product p t i s  not too small. 

shown, these assumptions seem reasonable for  the experiments considered here. 

Thus Dt can be considered t o  have a normal distribution with the following 

mean and variance (substi tuting p equab1/2 in  Eqs. 11 and 12): 

As w i l l  be 

E (Dt) = 0 

and 

Var (Dt) = Q t 

2 where cp equals p w Thus (o, which we s h a l l  re fe r  t o  as the diffusion ra te ,  



8. 

i L  
i 
~, 

i s  the r a t e  at which the variance of Dt increases as a l inear  function Of 

the  interstimulus delay (t) . 
Since Y i s  defined as a l inear cambination of three Gaussian random t 

vazi.ables (Eq. g), it too w i l l  have a Gaussian distribution. 

value of Y 

i n  Eq. 9 on the basis of Eqs .  4, 5, and 13 yields,  

The expected 

depends on the actual pa i r  of stimulus values; i.e., substi tuting t 

t S S 
0 

Furthermore, substi tuting i n  Eq. 10 according t o  Eq. 14 yields,  

var (Y,) = rp t + V a r  (x0) + Var (x,) 

Thus the variance of Yt is  the simple sum of the  input variance plus the 

diff’usion variance accrued i n  memory pr ior  t o  time t. 

t o  denote V a r  (Y,) by the  symbol ut . Thus u: denotes the variance of Yo, 

which i s  simply the t o t a l  input variance, Var (Xo ) plus Var (X,), according 

t o  Eq. 16. 

It w i l l  be convenient 

2 

The observer i n  an actual  discrimination experiment must decide whether 

t he  discrepancy (y,) on a particular t r i a l  was produced by an actual  stimulus 

difference or not. 

50 percent of the trials, and equalled s 

If the dis t r ibut ions of Yt were similar fo r  both types of trials, it would be 

d i f f i c u l t  for  the observer t o  decide which stimulus pattern had actual ly  

occurred on any one trial. 

which presents two overlapping probability density functions of Yt. 

zero dis t r ibut ion applies on the equal st imuli  t r ia l s ,  whereas, the  mean A s 

For example, suppose st equalled s on a randomly determined 
0 

plus A s on the remaining trials. 
0 

His decision problem i s  i l l u s t r a t ed  i n  Fig. 2a 

The mean 



I I 
0 ct AS 

Fig. 2. Distributions of Yt conditional on the difference between 
so and st and the interstimulus ,interval (t'>t). 

dist r ibut ion applies on the unequal st imuli  trials (Eq. 15). 

the  decision c r i te r ion  C 

under the equal st imuli  distribution would represent his  false-alarm ra t e ,  

If he adopted 

shown in  the diagram, the area t o  the r igh t  of Ct t 

while the corresponding area under the other dis t r ibut ion would be h is  h i t  

ra te .  

by adopting some other decision cr i ter ion,  but he can never change &(H) without 

simultaneously changing &(FA) 

There a re  many other combinations of Pr(H) and &(FA) he can produce 

The dis t r ibut ions i n  Fig. 2b correspond t o  the  same two stimulus conditions 

as those in  Fig. 2a but w i t h  a longer interstimulus in te rva l  (t' > t). 

means of the two dis t r ibut ions a t  time t' a re  the same as those a t  time t, since 

they depend solely on the stimulus difference (Eq. 15). However, Eq. 16 implies 

t h a t  Var (Y,,) w i l l  exceed Var (Yt) by the amount cp (t' - t). 

of t h i s  increased variance is that the obsemer imst ~ 3 w  accept a higher false- 

alarm r a t e  in order t o  a t t a i n  any given h i t  rate.  

The 

The net  e f fec t  
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The possible pairs  of h i t  and false-alarm ra tes  available t o  the 

observer through variation i n  the decision c r i te r ion  a re  h is  operating 

characterist ic.  They can often be specified with a single number, the 

sens i t i v i ty  measure Bt defined as follows: 

where Eo (Yt) and Var 

trials where s 

exceeds s by the mount As.  

between the means of the two distributions of Y 

t ion uni ts  of the equal stimuli distribution. 

unequal st imuli  trials, Varl (Y,), equals Varo (Y,), the observer's operating 

character is t ic  is  specified by 6 

both the r a t i o  of these variances and fjt would be required t o  specify the 

observer's operating characteristic. In e i ther  case, the greater the value 

of tjt, the smaller w i l l  be the false-alarm r a t e  associated with amy part icular  

h i t  rate.  

(Y,) a re  the expected value and variance of Yt on 

equals st, and E (Y  ) i s  the expected value of Yt when st 
0 1 t  

Thus 6% i s  simply the absolute separation 
0 

expressed in standard devia- t 
If the variance of Yt on 

If Varo (Y,) does not equal V a r l  (Y,), t' 

Most readers w i l l  recognize tha t  the present model i s  equivalent t o  the 

psychophysical Theory of Signal Detection when the interstimulus delay i s  

zero, so  tha t  6 

lent .  

in tha t  it applies t o  both detection (t = 0) and recognition (t > 0). 

manner i n  which the  sens i t iv i ty  measure f o r  detection ( b o )  i s  modified by the 

and d' ( the sens i t iv i ty  measure i n  tha t  theory) a r e  equiva- 
0 

The present model i s  a more general representation of discrimination 

The 

interstimulus delay in  recognition i s  apparent i f  we rewrite Eq. 17 according 

t o  Eqs. 15 and 16 t o  obtain the following: 



I A s '  h r  

ll. 

Note tha t  in detection 60 i s  simply the absolute value of the stimulus 

difference, As, divided by the square root of the  t o t a l  input variance (a  

kind of signal-to-noise ra t io) .  I n  recognition, the  variance introduced by 

perceptual memory (cpt) i s  added t o  the input variance and reduces 6t as the 

interstimulus delay i s  increased. 

We s h a l l  now consider two experiments which provide a concrete basis for 

further discussion of the model. 

Experiment One: Visual Position Discrimination 

Each observer i n  t h i s  experiment sat i n  complete darkness and t r ied t o  

discriminate a lateral  difference in position between two successively pre- 

sented points of l ight.  The basic experimental variables were the  s p a t i a l  

separation between the two lights, and the temporal in te rva l  between t h e i r  

occurrences 

Apparatus and Procedure 

The stimulus display consisted of a horizontal  array of 3 circular ,  white 

l igh ts .  

diameter, and there  w a s  a 1 an separation between the midpoints of adjacent 

lamps. 

observer. 

the  l i g h t  on the  r igh t  of the display; 

t h i s  same l ight ,  or one of the other two, w a s  illuminated f o r  another 100 

msec. 

appropriate pushbutton) one of two decisions: 

stme position; 

Each l i g h t  (Dialco No. 39, 28v, .04 amp operated a t  20V) was 5 m i n  

The display w a s  placed a t  eye level ,  1.5 meters in front  of the seated 

Each discrimination t r ia l  began wi th  a 100 msec. illumination of 

then, following a delay of t seconds 

Finally, the observer was given 2 seconds t o  indicate  (by pressing an 

both l i gh t s  occurred i n  the  

or, the  second l i g h t  was t o  the l e f t  of t he  first. 



In  terns  of the  model, the stimulus variable, S, corresponds t o  the 

horizontal position of each light. 

values of S i n  degrees v isua l  angle displacement from the midpoint of the 

lamp on the  r igh t  end of the array. 

tr ial ,  so, would always be zero degrees. The cmparison value, st, could 

equal 0, 038, or  .76 degrees (1 an on the display subtends .38 degrees of 

v i sua l  angle at 1.5 meters). 

It seems most reasonable t o  specify 

Thus the ini t ia l  value of S on each 

The stimulus sequence was determined in blocks of 50 trials. Within 

a l l  such blocks st equaled so (0 degrees) on a randanly selected 25 trials; 

on the remaining 25 t r i a l s  st equaled .38 degrees i n  s m e  blocks and .76 

degrees i n  other blocks. 

a l l  trials within a particular block. 

di t ions employed in the  experiment corresponds t o  some canbination of t 

(.5, 1.0, 1.5, or 2.0 seconds) and As (.38 or .76 degrees v isua l  angle). 

The interstimulus in te rva l  (t) w a s  constant f o r  

Thus each of the 8 experimental con- 

Each of the 4 observers i n  t h i s  experiment performed under a l l  8 

experimental conditions (8 blocks of 50 tr ials i n  randamly determined order) 

during 11 dai ly  55 ~ h - u t e  sess ims  (ificlsdb,g 1G mirii t i tes of pre-session dark 

adaptation) . Three prelininary practice sessions were not recorded. The 

observers were cmple te ly  familiar with the  stimulus display and the procedure 

f o r  generating the  stimulus sequences. They a l so  knew when each block of 

tr ials began, since they were allwed a 3 minute r e s t  break ( in  the  dark) 

between blocks. 

t h e  8 blocks of trials, nor the accuracy of t h e i r  decisions. 

They were not told the par t icular  sequence of conditions fo r  

Results 

The performance of each of the four observers can be summarized by the 

h i t  and false-alarm proportions averaged over the 11 daily sessions fo r  each 



of the 8 experimental conditions, 

A Chi-square t e s t  on each observer's data indicated tha t  both the inter-  

stimulus interval  ( t )  and t h e  stimulus difference (As) had a s t a t i s t i c a l l y  

significant ( p >  .Ol) effect  on performance. 

resu l t s  is provided by the model. 

These proportions we presented in  Table 1. 

A deeper analysis of these 

Table 1 

Average H i t  and False-Alarm Proportions for  Experiment h e  

Theoretical Analysis 

If the  h i t  and false-alarm proportions i n  Table 1 are interpreted as 

estimates of Pr(H) and Pr(FA) it is possible t o  deduce an estimate of 6t f o r  

each experimental condition. (The manner in  which a table of normal deviates 

i s  consulted t o  obtain these estimates follows i n  an obvious fashion from the 

definit ion of 6t and C,). 

data points in Fig. 3 and numericaUy in  Table 2. 

These estimates, denoted et, are  presented as 
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Fig. 3. E s t i m a t e d  (po in t s )  and p red ic t ed  ( l i n e s )  values of  d t  
given for Experiment One. 
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The degree t o  which these estimates of bt a r e  consistent with the model 

requires an estimate of the diffusion parameter w ,  and of the t o t a l  input 

These were obtained separately f o r  each observer i n  the 

F i r s t ,  note that Eq. 18 may be rearranged t o  read 

0 .  
variance, u 

following manner. 

Var (Y,) = (As/&,)* 

4 Inser t ing the proper value of As and subst i tut ing bt fo r  bt allows us t o  

estimate Var  (Y,) fo r  each experimental condition. 

plotted as points i n  Fig. 4. 

These estimates are 

The l inear  theore t ica l  curves in Fig. 4 a re  based on Eq. 16 which 

indicates t ha t  Var (Y,) i s  a l inear function of t with slope cp and an in te r -  

cept equal t o  the t o t a l  input variance (uo ). 

theore t ica l  curves t o  the points in  Fig. 4 it became apparent t ha t  the  input 

variance was negligible. 

t h e  model: 

with a single parameter c?. 

least squmes f i t  fo r  t h i s  single parameter form of the general rnotiel. 

t h a t  the estimates of Var (Y,) obtained from the As equal .38 degree and 

.86 degree conditions a re  generally consistent. 

is quite good for  a l l  except observer 4; 

systematic deviation fram linear i ty ,  simply considerable variance. The slope 

of each f h c t i o n  i n  Fig. 4 represents an estimate of cp. Subst i tut ing$ fo r  cp 

i n  Eq. 23 (with the  input variance equal t o  zero) leads t o  a predicted value 

of bt f o r  each experimental condition. The estimates of cp and the predicted 

values of Bt f o r  each observer are  l i s t e d  i n  Table 2 and presented graphically 

(sol id  l ines)  in  Fig. 3. 

a generally good prediction of 6 

2 However, i n  f i t t i n g  the 

This suggested an interest ing simplification of 

l e t  the  input variance equal zero by assumption and f i t  the data 

Thus the l inear  f'unctions in  Fig. 4 represent t he  

Note 

Furthermore the  l i nea r  f i t  

although even h i s  data shows no 

It i s  apparent t ha t  the single parameter cp allows 

under the various experimental conditions. t 
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Even the  performance of observer 4 appears reasonably consistent with the 

model; 

of the decrement in  h is  performance occurring pr ior  t o  t equal .5 seconds. 

he simply appears t o  have an unusually poor memory process with most 

Another theoret ical  question of in te res t  is  the  degree t o  which an 

obserirer's decision cr i ter ion,  C appears t o  depend on As and t. Estimates 

of Ct for  each experimental condition were obtained as follows. 

is  correct, the difference between any observed pair  of h i t  and false-alarm 

t' 
If the model 

r a t e s  and the  predicted operating character is t ic  must be attr ibuted t o  

sampling variance. 

and P(FA) would be tha t  pair  of probabili t ies on the predicted operating 

character is t ic  most similar t o  h i s  observed performance. 

Thus the best estimate of an observer's theoret ical  P(H) 

For example, when 

As was .76 degree and t w a s  .5 sec, Observer One's h i t  proportion was .88 

and false-alarm proportion .E (Table 1). A P(H) of .9O and P(FA) of .10 

me the most similar pair  of values consistent with the sens i t iv i ty  measure 

(6 t )  of 2.45 predicted fo r  t h i s  condition (Table 2). 

deviates indicates t ha t  C would have t o  be 1.28 standard deviations from t 
the  mean of the  equal st imuli  (so = st) dis t r ibut ion of Yt t o  yield a false- 

alaxm r a t e  of .lo. Since the theoret ical  standard error (a,) for  t equal .5 

sec w a s  .316 fo r  Observer One, the estimate of h i s  cr i ter ion,  denoted Ct, 

would be 1.28 times .316 or .40. Estimates of C obtained in t h i s  manner from 

a l l  8 experimental conditions f o r  each observer are presented i n  Table 2. 

A t ab le  of normal 

A 

t 

While there is  sane suggestion tha t  e might be posit ively correlated t 
4 

with both t and As for  Observers One and Two, the  overal l  va r i ab i l i t y  of Ct 

r e l a t ive  t o  these possible systematic effects  precludes any firm conclusions. 

These estimates a re  presented primarily t o  i l l u s t r a t e  the model's application 

and t o  allow the reader t o  draw h i s  uwn conclusions regarding the  s t a b i l i t y  

of Ct. This issue i s  considered in  more de ta i l  i n  Experiment Two. 
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Experiment Two: Auditory Amplitude Discrimination 

Each observer i n  t h i s  experiment was asked t o  discriminate an amplitude 

(loudness) difference between two  successively presented bursts  of a c lear ly  

audible pure tone. H e  had t o  decide whether the second s ignal  had the same 

amplitude as the first or a lower amplitude. 

was t o  assess the e f fec t  on performance of various temporal separations 

between the two signals. 

Apparatus and Procedure 

The object of the experiment 

Each s ignal  was a 500 msec duration (including a 10 msec r i se  and decay 

period), 1000 cps tone presented binaurally through earphones (Permoflux PDR-8, 

600 ohm impedance). 

terms of the  RMS voltage a t  the earphones (from a 600 ohm source), so was 

always 100 mv while st was either 100 mv or 80 mv. 

t h i s  procedure and responded "same" or "lower" t o  indicate h i s  decision re- 

garding st on each t r ia l .  

be both canforably audible and suff ic ient ly  similar t o  produce about 80 

percent correct responses during three days of prliminary tes t ing  with the 

interstimulus delay equal t o  zero. 

The stimulus variable, S, was the  s ignal  amplitude. I n  

The observer was aware of 

The particular amplitudes employed were chosen t o  

Stimulus sequences were defined i n  blocks of 50 trials j u s t  as i n  

Experiment One. 

and t was fixed throughout each block. 

ponded t o  a par t icular  value of t: O,O.5, 1.0, 1.5, or 2.0 seconds. 

On a randcunly chosen 25 of each 50 trials, so equaled st, 

The 5 experimental conditions corres- 

Each of 3 observers performed fo r  10 da i ly  sessions. Each session con- 

s i s t ed  of 10 randomly ordered blocks of 50 t r ia ls ,  two blocks under each of 

t he  5 experimental conditions (there w a s  a 3 minute r e s t  period between blocks 

t o  tha t  t he  t o t a l  session consumed about 60 minutes). The observers i n  t h i s  
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I -  

experiment had the same knowledge concerning stimulus schedules as those 

i n  Experiment One. 

pr ior  t o  each experimental session, but obtained no information concerning 

t h e  accuracy of t h e i r  responses. 

They were given examples of the high and low amplitudes 

Results 

The h i t  and false-alarm proportions averaged over a l l  ten sessions for 

each experimental condition axe presented in Table 3 .  

a t o t a l  of 1000 t r i a l s  per condition, and the two stimulus patterns were 

equally frequent under a l l  conditions, each proportion i n  Table 2 i s  based 

on 500 t r i a l s .  

(p > .Ol) effect  of t on each observer's per fomace .  

done i n  terms of the model. 

Since t h i s  represents 

A Chi-square t e s t  indicated a s t a t i s t i c a l l y  s ignif icant  

Further analysis was 

Table 3 

Average H i t  and False-Alarm Proportions fo r  Experiment Two 

Obs 1 obs 2 Obs 3 

I! g& - ii FA 

0.0 . 84 05 87 . 10 065 07 

- H - t - 

0.5 -81 0 0 6  -86 . 10 . 66 07 

1.0 079 07 . 82 .ll .60 -06 

2.0 69 05 075 07 -3  5 03 

Theoretical Analysis 

As in  Experiment One, the  s t a t i s t i c s  in Table 3 a re  suff ic ient  t o  estimate 

These estimates, 6t, a r e  presented as data 

Substi tuting the appropriate 3% for  

h 
6 for  each experimental condition. 

points i n  Fig. 5(b) and l i s t e d  i n  Table 4. 
t 
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for  6 

stimulus variable which simplifies calculation) yields estimates of the 

variance of Yt (ut ). 

The theoret ical  curves i n  t ha t  figure a re  based i n  Eq. 16 and were f i t t e d  by 

a l e a s t  squares cr i ter ion t o  provide an estimate of cp (the slope) and the  

t o t a l  input variance, uo , (the intercept a t  t equal 0) .  These estimates 

were then used in  Eq. 18 (along with the appropriate value of t and As 

equal t o  1) t o  yield the predicted values of g t j  

l i s ted  i n  Table 4 and graphed as solid l inesin Fig. 5(a). 

i n  Eq, 19 and l e t t i ng  As e q u a l 1  (an a rb i t ra ry  choice of u n i t  f o r  the t 

A 2  These estimates a re  plotted as points i n  Fig. 5(a). 

2 

these predicted values a re  

Table 4 
.Estimated Values of St and Ct and Predicted Values of gt 

Based on Estimates of (p and uo . 2 

Obs 1 obs 2 Obs 3 

0.5 2.49 (2.49) ,362 2.37 (2.30) .470 1.89 (1.78) . ig5  

1.0 2.27 (2.31) .370 2.13 (2.21) .417 1.79 (1.69) .lo1 

1.5 2.06 (2.16) .297 2.32 (2.13) .362 1.56 (1.61) .oig 

2.0 2.13 (2.03) .226 2.08 (2.06) .296 1.49 (1.54) -.247 

It seems apparent t h a t  the model provides a reasonable account of the 

performance decrement produced by an interstimulus delay. 

superior performance in detection (t = 0) i s  consistent w i t h  a decrement i n  

The systematically 

fjt produced by the memory process i n  recognition (t > 0 ) .  

Again as i n  Experiment One, it i s  interest ing t o  consider the  re la t ion  
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A between the estimates of Ct and t. 

the  same manner as those in the f i r s t  experiment and are  presented in  Table 4. 

I n  interpreting these estimates it i s  important t o  note tha t  the expected 

variance of Y 

This follows fran Eq. 15 and the  choice of As as our un i t  of S. Thus the 

unequal st imuli  dis t r ibut ion (mean minus one) would be t o  the l e f t  of the 

equal stimuli (mean zero) distribution i n  Fig. 2 fo r  t h i s  par t icular  task. 

An observer's decision ru le  would be t o  respond ''lower" whenever Y was less 

than Ct 

proportion of "lower" responses and t (see Table 3) is, therefore, consistent 

with the similar relat ion between Ct and t (see Table 4). 

These estimates, Ct, were calculated i n  

($)  i s  minus one on t r i a l s  when the second amplitude i s  80 mv. t 

t 
and "equal" otherwise. The apparent negative relat ion between the 

A 

Most readers w i l l  recognize the observer's progressive reticence t o  respond 

"lower" as t increases as the classic  time order error i n  psychophysics: the 

second presentation of the same stimulus amplitude tends t o  sound louder than 

the first. There i s  an interesting al ternat ive t o  the interpretat ion tha t  Ct 

i s  a f h c t i o n  of t, one which i s  similar t o  the so called "fading trace" 

interpretat ion of time order error (see Woodworth and Schlosberg 1954 on t h i s  

"fading trace" concept, which was f i r s t  introduced by Fechner i n  1860) . 
Specifically,  instead of assuming that the response c r i te r ion  can vary and 

the  randm walk i n  memory i s  symnetrical, assume a constant c r i te r ion  (denoted 

simply by C) and an asymmetrical randm walk. Since the  value of p i n  Eq. 11 

would not equal 1/2 the expected value of Dt would equal zero only when t was 

zero. 

as t increased; 

negative as t increased. It is the l a t t e r  case which could be interpreted as 

an expl ic i t  representation of a "fading trace", since m would have a systematic 

negative d r i f t  d w b g  the i n t e m t b w k s  interval.  

If p w a s  greater than 1/2, E (Dt)  would become progressively posi t ive 

i f  p was less  than 1/2, E (D,) would became progressively 

. t  
So l%g as p was not too 



. 
far frm 1/2, we could consider the dis t r ibut ion of Yt t o  be Gaussian (the 

approximation employed ear l ie r ) .  Hmever, the mean value of Yt would bear 

a negative re la t ion  to E (D,) (see Eq. 9) .  

response c r i te r ion  was constant, i ts  position r e h t i v e  t o  the overlapping 

dis t r ibut ions of Yt ( the stimulus contingent dis t r ibut ions i l l u s t r a t ed  i n  

Fig. 2) would be a function of t. 

Therefore, even though the 

It i s  possible t o  interpret  the  values ??t presented i n  Table 4 on the 
A 

bas i s  of a fixed c r i te r ion  and an asymmetrical randm walk. Note that Ct 

was calculated on the assumption t h a t  the expected value of Yt on equal st imuli  

t r i a l s ,  Eo (Y,), was zero. 

t he  randan w a l k  were asymmetrical, Et should be interpreted as an estimate of 

Since t h i s  assumption would be inappropriate if  

C,  the fixed cr i ter ion,  plus the ac tua l  value of Eo (Yt); specifically,  

A A Ct = C + Eo (Y,). 

Substi tuting f o r  Eo (Yt) on the basis  of Eqs. 9 and ll yields, 

A A c = c - p u ( 2 p - l ) t .  
t 

Thus the  estimates of C i n  Table 3 should bear a l i nea r  re la t ion  t o  t w i t h  

a value a t  t equal zero of C. The degree t o  which t h i s  re la t ion obtains is  

indicated by Fig. 6 which presents the bes t  f i t t i n g  l i nea r  function f o r  the 

values C from each observer. 

t 
A 

f i  

t 
The data conform reasonably w e l l  t o  the l inear  re la t ion specified by 

The intercept of each l inear  function at t equal zero (.44, .51, Eq. 20. 

and .25, respectively) can be interpreted as an estimate of the observer's 

fixed response cr i ter ion,  C. 

-.200, respectively) can be interpreted as the r a t e  at which the expected 

value of mt changes with t (the quantity pul (2p - 1) i n  Eqs. ll and 20). 

The f ac t  t h a t  a l l  three slopes w e  negative suggests a systematic negative 

A 

The slope of each function (-.095, - .100, and 
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Experiment Two . t 
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d r i f t  of m 

trace" . 
during the interstimulus in te rva l  ( p c  1/2); i.e., a "fading t 

Discussion 

Experiment One 

The resu l t s  of the visual  experiment seem relevant t o  sane general issues 

i n  v isua l  psychophysics; i n  particular,  autokinetic phenomena and the 

measurement of involuntary eye movements. 

movement when one observes a dim point of l i gh t  i n  the dark (autokinesis) 

has been studied f o r  two basically different  reasons. 

been used as an apparently sensit ive index of an observer's suscept ib i l i ty  

t o  suggestion or soc ia l  pressure (e.g., the  generic work of Sherif ,  1935). 

Second, it has been studied as a s m c e  of information about the s t a b i l i t y  

of the  v isua l  system (e.g., Gregory and Zangwill, 1963); 

1964). 

methodological problems encountered i n  the measurement of autokinesis and the 

need f o r  more sat isfactory techniques (Royce, e t  al., 1966). 

here t h a t  the visual  task employed i n  Experiment One might be considered a 

d iscre te  analogue t o  the usual autokinetic si tuation; e.@;., a false-alarm 

could be considered t h e  perception of i l lusionary movement. 

a re  important differences t o  be considered such as the use of t ransient  ra ther  

than continuous points of lights. 

and sensi t ive measure of suscept ibi l i ty  t o  suggestion i n  the Sherif type of 

experiment, since it appears t o  be a re la t ive ly  pure measure of the  decision 

making aspects of motion perception. 

of v i sua l  s t a b i l i t y  than could ordinarily be obtained from conventional auto- 

k ine t ic  data. 

i s  pmt icu la r ly  h t r igp-hg .  

The perception of i l lusionary 

F i r s t ,  autokinesis has 

Matin and MacKinnon, 

A recent review of both types of studies emphasized the serious 

It i s  proposed 

Of course there 

Nevertheless, Zt might prove t o  be a precise 

Similarly, might be a purer measure 

"he degree t o  which? i s  a measure of involuntary eye movements 

It i s  qGite possible that the "randm w a l k "  



during the interstimulus in te rva l  may t o  a large extent r e f l ec t  actual  eye 

movements (although it would a l so  include any other source of i n s t ab i l i t y  such 

as involuntary head movements and " internal  noise") . While Cornsweet reported 

i n  1956 t h a t  d i rec t  measurement of eye movements in  the  dark suggests a random 

walk process, a more complete analysis of t h i s  issue has recently been con- 

ducted by Matin, Matin, and Kibler , who have kindly provided us with a pre- 

publication description of t he i r  results.  

from ours i n  only two respects: 

(s  ) was 4 seconds with t fixed at  3 seconds; 
0 

w a s  s tabi l ized with a b i t ing  block. 

3 second interstimulus in te rva l  suggests a randm w a l k  process although there 

was evidence that the parameters of t h i s  random w a l k  were non-stationary. 

While t h e i r  cumulative variance was very nearly additive ( l inear)  over the range 

of t values used in our Experiment One, there was some evidence of a negative 

acceleration during the l a t e r  stages of the interstimulus in te rva l  (2-3 sec.). 

2 

Their experimental s i tuat ion differed 

one, the duration of the or iginal  stimulus 

and two, the observer's head 

Measurement of eye movements during the  

The r a t e  a t  which variance was accumulated w a s  approximately .05 degrees'/sec. 

This i s  i n  the order of 114 the typical  value of @ computed i n  Experiment One. 

These resu l t s  a r e  quite encouraging as far as the model is  concerned. It seems 

reasonable t o  suppose tha t  simply s tabi l iz ing the observer's head (e.g., pro- 

viding him w i t h  a b i t ing  block) could reduce the estimates of $ by as much as 

50 percent. 

purely psychophysical data qui te  close t o  those obtained through d i rec t  measure- 

This would put the measures of v i sua l  s t a b i l i t y  obtained fran 

ment of eye movement, a considerable accomplishment considering the degree of 

precision achieved i n  previous analysis of autokinetic phenomena. 

It should a l so  be noted t h a t  Matin e t  al., found systematic components 

of the random walk much l i k e  the negative drifts suggested by the auditory 

Matin, L., Matin, E., and Kibler, G., Columbia University, (personal ccxnmunication) 
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data from Experiment Two (those represented i n  Fig. 6). However the direction 

. 
~ 

of these s h i f t s  sometimes changed during the  interstimulus period. 

effects seem consistent with the values of C presented in Table 2. The 

apparent s h i f t s  i n  these values could be interpreted as evidence of asymmetry 

i n  t he  randm w a l k  ( j u s t  as the  values of Ct presented i n  Fig. 6); while 

var ia t ion i n  the r a t e  of shif t  would suggest a non-stationary value of p. 

These 
A 

t 

A 

Experiment Two 

Subsequent t o  the developnent of the  material  presented i n  t h i s  paper, 

the authors learned of a paper by Tanner (1961) i n  which he discusses various 

memory factors relevant t o  psychophysicalmeasures. One of the experiments 

he describes d i f f e r s  from Experiment Two in only three respects: he employed 

100 rather  than 500 msec. signals; there  was a constant background of white 

noise; and h i s  observer learned whether h i s  response was correct a t  t he  

conclusion of each trial. 

representative observe2 , h i s  resul ts  are generally consistent w i t h  ours 

While Tanner only presents data for  a s ingle  

except fo r  very short  interstimulus intervals  (between 0 and .5 seconds) where 

there  was a sharp drop i n  apparent sens i t iv i ty  (6,). 

of these resu l t s  i s  essent ia l ly  the same as our own except fo r  the short  

Tanner's interpretation 

intervals  where he proposes the drop i n  sens i t i v i ty  is  caused by the inab i l i t y  

of the  input process t o  generate independent sensory s t a t e s  ( s ta t ing  h i s  

camments i n  terns  of our model). 

t equal zero condition, h i s  resul ts  do not d i r ec t ly  confl ic t  with ours. The 

Since Tanner d id  not col lect  data fo r  the 

drop i n  sens i t iv i ty  may occur between our data points a t  t equal zero and t 

equal .5 seconds. Furthemore, the differences i n  s ignal  duration, noise 

background, and information feedback may make a d i rec t  comparison misleading. 

3A complete report  of these data and additional data from similar experhents  
on nemory fo r  pi tch i s  currently being prepared fo r  publication by COD. Creelman, 
University of Toronto and W.P. Tanner, University of Michigan (personal 
communication) . 
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Although Tanner does not report measures of the response cr i ter ion,  h i s  use 

of feedback undoubtedly influenced the pattern of these resu l t s  precluding a 

d i r ec t  cmparison with our data. 

as an excellent treatment of t h e  problem of memory in psychophysics. 

The reader i s  referred t o  Tanner's paper 

General Comments 

The approach t o  discrimination represented in t h i s  paper suggests tha t  

detection tasks can be viewed as a special  form of discrimination; specif ical ly ,  

one i n  which the stimulus values t o  be discriminated a re  temporally contiguous. 

For example, the conventional "yes-no" auditory detection task requires the 

observer t o  judge the  s imilar i ty  of the stimulus value presented j u s t  pr ior  

t o  an observation in te rva l  (s ) and the value presented during the in te rva l  

(st). i s  a zero amplitude tone and st greater than 

zero (811 "absolute" detection task), or so 

(an "incremental" or  "quantal" detection task). 

presented i n  immediate temporal succession one speaks of a recognition problem. 

For example, a simple recognition task requires the observer t o  decide which 

of two possible frequencies of tone i s  presented t o  him. 

of t h i s  task is tha t  the  two possible frequencies a re  not presented i n  immediate 

temporal succession. Thus, the recognition response i s  essent ia l ly  a s imi la r i ty  

judgement between the pi tch he hears and h i s  memory of that pitch. 

th i s  way, conventional recognition tasks are highly complicated paradigms, 

since the observer i s  usually required t o  maintain "memories" of several  

possible stimulus al ternat ives  simultaneously. 

employed i n  t h i s  paper.seems t o  be a more fundamental approach t o  the ro le  of 

perceptual memory i n  discrimination. 

of memory could be approached w i t h  t h i s  simple paradigm. 

i n  the  stimulus value j u s t  pr ior  t o  s 

0 

This i s  t rue  whether s 
0 

and s a r e  both posi t ive amplitudes t 
Whenever s and st a re  not 

0 

The crucial  feature 

Viewed i n  

The simple recognition paradigm 

Most of the basic issues i n  the study 

For example, variation 

or the value dur ing  the interstimulus 
0 



i n t e rva l  would be similar t o  studying the ro le  of pro-active and retro-  

ac t ive  interference i n  conventional memory experiments. 

It should be emphasized t h a t  the type of memory process we have considered 

i s  only one kind of memory. 

memory depend t o  a large extent on sane kind of verbal coding; 

might remember the amplitude of a s a d  by remembering "it was as loud as a 

p i s t o l  shot"; or, he might remember a v i sua l  pattern by remembering "it was 

a picture  of a dog". However, the simple st imuli ,  s m a l l  stimulus differences, 

and short  temporal intervals employed i n  the present paradigm may allow one 

t o  deal with a more f'undamental form of memory uncomplicated by such verbal 

coding. 

It is  clear  tha t  cer ta in  forms of perceptual 

i.e., a person 

Finally, it i s  worth noting that we have only considered the discrimination 

of s e r i a l l y  presented stimulus values. However, it may well  be the case tha t  

many "simultaneously presented" stimuli a r e  r ea l ly  only simultaneously avail-  

able t o  an observer and he actually observes them i n  sequence. 

libitum observing would be d i f f i cu l t  t o  control, l e t  alone assess, and t h i s  

iiiaj- be a very poor experimental design. Nevertheless it i s  interest ing t o  

consider the degree t o  which spa t ia l  and temporal separation of st imuli  may 

be equivalent. 

s imi la r i ty  of two simultaneously presented patches of grey. 

scan them sequentially so tha t  the  greater the s p a t i a l  separation between them 

the  longer the temporal delay between t h e i r  successive observation. 

discrimination of spa t ia l ly  contiguous patches of grey would be the spatial 

equivalent of auditory detection. "his interpretat ion i s  consistent with an 

observer's loss  of efficiency i n  comparing two patches of grey as t h e i r  s p a t i a l  

separation increases (a phenomenon which can eas i ly  be dmonstrated). 

Such ad 

For example, suppose an observer were asked t o  judge the  

He may actual ly  

Thus the 



SUMMARY AND CONCLUSION 

We have shown how three measures may be extracted from an observer's 

A 2  performance of a discrimination task: 

of diff'usion ra te ,  $; 

cases it i s  possible t o  obtain a measure of systematic canponents of the 

diffusion process: 

an estimate of input variance, o0 ; 
A 

and of response cr i ter ion,  Ct. Furthermore, i n  some 

our estimate of the d r i f t  ra te ,  the quantity pu (2p - 1) 
in EqS. 11 and 20. 

The emphasis in  our analysis has been on the ro le  of perceptual memory 

in t he  discrimination of stimulus values which a re  not temporally continuous. 

It is argued that t h i s  temporal aspect of discrimination i s  the most basic 

fea ture  of recognition tasks. 

e f f i c i en t  because the temporal contiguity of the st imuli  minimizes the de- 

grading (diffusing) e f fec t  of imperfect perceptual memory. 

Discrimination i n  detection tasks i s  more 

Further research bearing on the memory aspects of simple discrimination 

tasks should provide an interest ing bridge between the c l a s s i ca l  issues of 

memory and the  psychopnysics of perception. 
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